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We revisit the case of a light neutralino LSP in the framework of the MSSM. We consider a model with 
eleven free parameters. We show that all scenarios where the annihilation of light neutralinos rely mainly on 
the exchange of a light pseudoscalar are excluded by direct detection searches and by Fermi measurements of 
the y— flux from dwarf spheroidal galaxies. On the other hand, we find scenarios with light sleptons that satisfy 
all collider and astroparticle physics constraints. In this case, the lower limit on the LSP mass is 12.6 GeV. We 
discuss how the parameter space of the model will be further probed by new physics searches at the LHC. 



I. INTRODUCTION 

Motivated by the possible annual modulation signals reported 
by DAMA Q and CoGeNT that are compatible with a 
light dark matter candidate, several groups have recently re- 
investigated supersymmetric scenarios with a LSP around 10- 
30 GeV. Within the context of the MSSM, such a light neu- 
tralino LSP can only be obtained by relaxing the unification 
condition on the gaugino masses such that M\ <C M2 l3lfT0l. 
When this condition is satisfied, most of the stringent LEP 
constraints (in particular the limit of 46 GeV ifTTTl on the light- 
est neutralino obtained within the framework of the CMSSM) 
are removed. Only the LEP constraints from the invisible 
width of the Z boson and the production of the LSP with 
one of the heavier neutralinos remain in the neutralino sector. 
Light neutralinos DM are then constrained mainly by the relic 
density measurement as well as by the Higgs and the flavour 
sector, in particular from B -physics. 

For very light neutralinos, with a mass below 10 GeV, the 
WMAP upper bound can be satisfied when Ma, the pseu- 
doscalar mass, is around 100-150 GeV and tan P is large. This 
corresponds to a set of parameters that leads to large devia- 
tions in the flavour sector. Furthermore, this range of param- 
eters faces severe constraints from collider searches for the 
heavy Higgs doublet produced in association with b quarks 
and decaying into tau pairs at the Tevatron and the LHC ifTZl- 
fT4li . Indeed, at large values of tan (3 and for a light pseu- 
doscalar, the cross section for this process is strongly en- 
hanced. The light neutralino scenarios that survive all collider 
and cosmological constraints are then challenged by the upper 
limits from direct detection searches 1 10 ]. Light neutralinos 
can also lead to strong signals in indirect searches both for the 
photon flux llT5l or for the antiproton flux |[T6l[T7l . 
For heavier neutralinos the WMAP condition can also be sat- 
isfied when pair of LSP's annihilate into fermions through 
sfermion exchange or through Z exchange. The former 
requires light sleptons -these are however subject to LEP 
constraints- while the latter is efficient when the mass of the 
LSP pair approaches the Z mass. In either case, a light pseu- 
doscalar is no longer needed and such scenarios can escape all 
constraints l3l[8llT0l[T8ll. 

In Ref. |[T0lL an exploration of the MSSM with eight free 
parameters based on an MCMC approach, showed that neu- 
tralino candidates below 15 GeV were severely constrained 



by Higgs searches as well as by direct detection searches, in 
particular by XENON 100 fT9l . Such a conclusion, was chal- 
lenged in El [6) as well as very recently in 0. 
In view of these results, we revisit in this paper the case of 
light neutralinos in the MSSM. We have extended our pre- 
vious study in several ways. First, we increase the number 
of free parameters of the model to eleven, adding the gluino 
mass, decorrelating the third generation squark masses from 
the other two and splitting the left- and right-handed slepton 
masses. The first two parameters affect mainly the flavour 
sector and do not impact directly on the very light neutralino 
candidates. Splitting the slepton mass and exploring carefully 
the region where sleptons are just above the LEP limit allows 
to find new scenarios where neutralinos annihilate via light 
sleptons exchange. Second, we have also updated the limits 
on the Higgs sector, in particular exploring more carefully the 
region where all Higgses are around 100 GeV. This allows to 
find new scenarios with m o < 15 GeV satisfying the Tevatron 
limits on the search for the heavy Higgs doublet. However we 
show that recent CMS results (13] 03) for Higgs searches at 
the LHC further constrain a large fraction of the light neu- 
tralino scenarios and that all these scenarios are excluded by 
the XENON 100 experiment. We have also computed the 
fluxes of gamma rays from dwarf spheroidal galaxies (dSph) 
and used the limits from Fermi-LAT to constrain all scenarios 
with a light pseudoscalar. We find a lower bound on the neu- 
tralino mass 12.6 GeV after including the updated constraints 
from both colliders and astroparticle physics. These light neu- 
tralinos are always associated with sleptons just above the 
LEP limit. We also briefly discuss how these results will be 
affected by upcoming LHC results on sparticle searches and 
on B -physics observables. 

This paper is organized as follows: in Section II, we summa- 
rize the various constraints on the model, in section III we find 
the lower bound on the neutralino mass and emphasize the im- 
pact of astrophysical constraints. In section IV we discuss im- 
plications for LHC observables. A discussion and comparison 
with other studies is presented in section V 



II. CONSTRAINTS ON LIGHT NEUTRALINOS 

We consider the MSSM with eleven free parameters defined 
at the electroweak scale, as listed in Table [T] and we assume 
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Ai, = A T = 0. These parameters only play a role in the mix- 
ing in the down sector (oc A b ^ — /itan (3), while a large mixing 
can be induced by ^tanp. To explore the parameter space we 
have used the Markov Chain Monte-Carlo code presented in 
ifTOl which is based on micrOMEGAs l20l - [22l for the compu- 
tation of collider and flavour constraints as well as for dark 
matter observables. We rely on Suspect [23 ] for the com- 
putation of the spectrum. The constraints imposed are listed 
in Table I of Ref. [10]. They include the WMAP constraint 
on the abundance of dark matter l24l . branching ratios for 
B(b -> sy),B(B s -» jd r iT),R{B -» tv), the muon anomalous 
magnetic moment, (g — 2)^ as well as LEP limits on sparti- 
cle masses, on the invisible width of the Z and on the asso- 
ciated production of the LSP with a heavier neutralino. For 
the LEP limits we have used the values implemented in mi- 
crOMEGAs, corresponding in particular to the values for the 
sleptons, m~ e > 100 GeV, m n > 99 GeV, m~ h > 80.5 GeV and 

my > 43 GeV. 1 

In this analysis we have replaced the limit on the light Higgs 
mass with improved limits on the Higgs sector obtained 
from the HiggsBounds3.1.3 package O [26) linked to mi- 
crOMEGAs2.4. In this way, we take into account both the 
LEP constraints on the light Higgs as well as Tevatron con- 
straints on heavy Higgs searches at large tan (3. The likeli- 
hood for the Higgs constraint is taken to be when a point is 
rejected by HiggsBounds and 1 otherwise. We compute the 
global weight Q by multiplying the global likelihood to the 
global prior of each scenario. We use the likelihood and prior 
functions described in IfTOl . 



Parameter 


Minimum 


Maximum 


Tolerance 


Mi 


1 


1000 


3 


M 2 


100 


2000 


30 


M 3 


500 


6500 


10 




0.5 


1000 


0.1 


tan(3 


1 


75 


0.01 


M A 


1 


2000 


4 


A t 


-3000 


3000 


100 


M h 


70 


2000 


15 


M k 


70 


2000 


15 




300 


2000 


14 




300 


2000 


14 



TABLE I: Intervals for MSSM free parameters (GeV units). 

We have not included recent LHC results on heavy Higgs 
searches [QSIEI in the fit but impose them a posteriori. Also 
we have not included the recent results from the LHC on 



1 We have not included the flavour constraint from K — > /v, although con- 
straining the light charged Higgs as shown in |6|, this has no direct influ- 
ence on the light neutralino. 



squarks and gluino searches as they are somewhat model de- 
pendent. Note that when imposing cosmological constraints 
we allow for the possibility that neutralinos do not explain all 
of the dark matter in the universe but only a fraction taken to 
be as small as 10%, this has no major impact on our conclu- 
sions since light neutralinos tend to be over abundant. 
Light neutralinos can also be constrained by direct and indi- 
rect detection. We will apply these constraints only after hav- 
ing selected the best scenarios from a global fit. Specifically 
we will consider the XENON 100 results from direct detection 
searches. In all cases with two scalar Higgses with a mass 
around 100 GeV that must couple sufficiently to the LSP to 
provide enough annihilation in the early universe, we expect 
an important contribution of both Higgses to the spin indepen- 
dent neutralino nucleon elastic scatttering cross section. This 
will turn out to be an important constraint on light neutralinos 
as will be discussed in the next section. 
Pair annihilation of neutralino DM into quarks and/or x's 
leads, after hadronization, to the production of gamma-rays. 
Photons can also be radiated directly from an internal line 
or from a final state before it decays. The photon flux is 
proportional to l/m 2 thus a large flux is expected for light 

dark matter. The observation of the photon flux from dwarf 
spheroidal galaxies (dSph) by Fermi-LAT therefore provides 
a constraint on light neutralino dark matter. For each viable 
scenario found by the MCMC, we have computed the gamma 
ray flux expected in the eight dwarfs observed by the Fermi 
experiment. This value is then compared with the Fermi-LAT 
95% limits l27l with the procedure described in [15]. The 
most stringent limits are obtained for the Draco dSph. 

III. THE LOWER LIMIT ON THE NEUTRALINO MASS 

Viable scenarios with light neutralinos can be difficult to 
find. Therefore, we have imposed the prior m o < 30 GeV. 
Since we already know that there are neutralinos at around 
~ 28 GeV fTOlL there is no need to probe higher masses, which 
would make the run less efficient. 

Performing the MCMC analysis, we found the maximum 
weight to be Qnax — 0.72. Nevertheless, only 2.9% of the 
points have weights Q > 0.23 (1g away from Qnax), while 
57% have weights Q > 2.2 x 10" 3 (3a away from Qnax). We 
find neutralinos with masses as low as 10.5 GeV, although 
most points are located near 30 GeV, the prior upper bound 
on the neutralino mass. The allowed parameter space, rep- 
resented in Fig. [T] is best described in terms of the prop- 
erties of the neutralinos that satisfy the relic density upper 
limit. There are three dominant mechanisms that provide effi- 
cient neutralino annihilation: A) annihilation into lepton pairs 
through slepton exchange, B) annihilation via exchange of a 
light pseudoscalar Higgs, C) annihilation via a Z boson. The 
latter works better for masses near Mz / 2, therefore neutrali- 
nos below ~ 25 GeV are expected to correspond to scenarios 
AandB. 

The first scenarios (A) require a bino LSP and light slep- 
tons, in particular right-handed sleptons which couple more 
strongly to the bino. Consequently, we observe a large peak 
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at low values of the soft parameter, mj . Furthermore, large 
values of tan (3 will induce a large mixing in the stau sector, 
thus decreasing the lightest stau mass. As a result, all sleptons 
are just above the LEP exclusion region. The tan (3 distribution 
thus extends to the highest values probed. The other two sce- 
narios (B and C) require a LSP with as large as possible hig- 
gsino component to ensure sufficient coupling to the Z or the 
Higgs -this means small ju- even though the LSP is dominantly 
bino since M\ <C /i. Scenario B further requires a light pseu- 
doscalar, hence the large peak in the distribution at low values 
of Ma. In this case, large values of tanP also are needed for 
efficient annihilation. However the low Ma - large tan (3 region 
is strongly constrained by Tevatron searches. Furthermore the 
R(B U — » xv T ) ratio in the case of a light charged Higgs drops to 
very low values around tan (3 = 25, thus these values are disfa- 
vored. Other parameters are constrained from several observ- 
ables. For example, a squark contribution is needed to cancel 
the Higgs contribution in the B(b—> sy), hence the peak at low 
values of third generation squark masses Mq 3 . This is relevant 
only for scenario B. 




FIG. 1 : Frequency distributions of free parameters in the light MSSM 
neutralino scenarios. Blue curves contain all allowed points while 
green curves show the distribution for the points that pass all as- 
troparticle physics constraints. 
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FIG. 2: Allowed points in the tan P vs. Ma plane in the m y o < 30 GeV 
search. We show only the region where Ma < 500 GeV. The ex- 
clusion limit from CMS is also displayed. In yellow (red), points 
excluded by one (two) constraint and in black those excluded by 
three constraints (CMS, XENON 100 and dSph as described in sec- 
tion |III A\ . The shading represents Q. weights of darker points are at 
most at la from Q^ax while the lighter points are at most at 2a and 
3a. 



The allowed region displayed in the tan (3 — Ma plane, Fig. [2] 
shows that when the pseudoscalar is light, large values of tan (3 
are ruled out after taking into account Tevatron constraints on 
Higgs decaying into tau pairs. Furthermore, the newer exclu- 
sion limit from CMS fT4l in the same channel (black line in 
Fig. [2]) further cuts into the parameter space, the only remain- 
ing points for Ma < 150 GeV correspond to tanP < 14. 

To ensure that we have probed completely light neutralino sce- 
narios, we did a further run imposing a prior m o < 15 GeV. 
The maximum weight in that region is of 0.22, and the maxi- 
mum weight for the points with M A < 150 GeV is Q = 0.085 
which is much lower than in the previous sample. The allowed 
points in the Ma — tan (3 are displayed in Fig.|3j here we show 
only the region with a light pseudoscalar, other points with 
very large values of tan P and light sleptons were also found 
and will be discussed below. With the incorporation of the lat- 
est Tevatron bounds, we have not found the same configura- 
tions as in our previous analysis [10]. Those with large values 
of tanP are now ruled out by Higgs searches. We found more 
scenarios where all Higgs bosons are around 100 GeV, indeed 
all Higgs bosons have to be light in order to overcome the lim- 
its on the Higgs mass from LEP. However most of these points 
are now constrained by the latest CMS exclusion [ 14 ] imposed 
after performing the fit. In this sample, there were neutralinos 
below 10 GeV that passed all collider constraints, albeit with a 
low weight. However, we will show that all these neutralinos 
are ruled out by astroparticle limits (both from XENON 100 
and Fermi-LAT). 
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FIG. 3: Allowed points in the tan (3 vs. plane with the prior 
m y o < 15 GeV showing only the region where < 150 GeV. The 
exclusion limit from CMS is also displayed. The color code is the 
same as in Fig. [2] 
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FIG. 4: Points of the m y o < 30 GeV search represented in the ^a SI 
vs. neutralino mass plane. Exclusion limits from CDMS-II |29 | and 
XENON 100 are shown. The color code is the same as in Fig. [2] 
green points are allowed. 



A. Constraints from astroparticle physics 

We now consider two different astroparticle constraints on the 
light neutralino scenarios. First we consider the spin indepen- 
dent direct detection limits from XENON 100 as it provides 
the most stringent limit on light neutralinos. Figure [^repre- 
sents the yields in the l^ 1 vs. m^o plane along with limits 
from XENON100 and CDMS-II. The three types of scenar- 
ios have very different predictions for the spin independent 
cross section on nucleons. In scenario A, the LSP can be pure 
bino and therefore couples weakly to the Higgs, cross sec- 
tions can therefore be much suppressed. It is in this class of 
scenarios (green points) that we find the lightest viable neu- 
tralino. In case B, cross sections which receive a contribu- 
tion from both light scalar Higgses are large. All these points 
are ruled out by XENON 100 as was found in the previous 
analysis. In scenario C, the LSP also has a higgsino compo- 
nent but tends to have a lower cross section on nucleons since 
it receives only the contribution of one light Higgs. Since 
a smaller higgsino component is needed as one approaches 
the Z resonance, some of these scenarios with mass near 30 
GeV predict an elastic scattering cross section below the limit 
of XENON 100. When computing these predictions, we have 
chosen rather conservative values for the quark coefficient in 
the nucleon (a nN = 45 MeV, Go = 40 MeV) although recent 
lattice QCD results 1 28 ] indicate that the s-quark content could 
be smaller than previously thought, leading to a suppression of 
the SI cross sections. Taking the central value from the result 
would only lead to a 20% further reduction in the neutralino 
proton cross section. This is not enough to make some of the 
scenarios B drop below the XENON 100 exclusion limit. An 
improvement on the SI direct detection limit by a factor 4-8 is 
required to close light neutralino scenarios up to 30 GeV. 
We now compute the gamma ray flux originating from DM 
annihilation in dSph assuming an NFW l30l profile and com- 



pare this with the 95% limits from Fermi-LAT considering an 
angular region of 0.5° and an integrated flux from 0.1 GeV < 
E < m ~ . We found that many configurations -more specifi- 

Xi 

cally with the characteristics of scenario B- are excluded by 
both limits (red points) while others are also constrained by 
XENON 100 (yellow points). The configurations allowed by 
XENON 100 (green points) satisfy all collider and astrophysi- 
cal constraints. All these belong to scenario A for neutralinos 
below 28 GeV. In these configurations, the photon flux just 
reached the maximal value allowed by Fermi for the smallest 
mass (recall that the flux goes as l/m 2 ). 

X\ 

Since the parameter space allowing for light neutralinos is 
rather fine-tuned, one might argue that somewhat lighter neu- 
tralinos could be found with a refined analysis. With an ad- 
ditional run with a prior set at m% < 15 GeV, we found that 
the lower bound on the neutralino could be extended by a few 
GeV's when considering collider constraints. However the 
lighter neutralinos were constrained by dSphs as displayed in 
Fig. [6] In this run we found the lower limit on the neutralino 
mass to be 12.6 GeV, corresponding to a point of weight 
Q,-0.11 that is safe regarding XENON100, Fermi-LAT and 
CMS. As before, it corresponds to scenarios with light slep- 
tons. 

After taking into account constraints from direct and indirect 
DM searches and considering only the points with the highest 
likelihood we find that the lightest neutralino has a mass of 
m Xl o ~ 18.6 GeV, while 12.6 GeV is possible with the prior 
m v o < 15 GeV. Other constraints are not a critical issue as 

M 

the light slepton is favorable for the muon anomalous mag- 
netic moment and the large value for Ma implies that the B- 
physics constraints are weak. Furthermore the almost pure 
bino LSP easily evades the LEP constraints on the Z invisible 
width. These new configurations were not found in our pre- 
vious study where we had assumed one common soft slepton 
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FIG. 5: Integrated y-ray flux from the Draco dwarf spheroidal galaxy 
as a function of the neutralino mass in the m v o < 30 GeV search. We 
show limits from Fermi-LAT. Same color code as Fig. [4] 
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FIG. 6: Integrated y-ray flux from the Draco dwarf spheroidal galaxy 

as a function of the neutralino mass in the m„o < 15 GeV search. We 

i— i 

show limits from Fermi-LAT. Same color code as Fig.pl 

mass, furthermore they rely critically on the exact value taken 
for the limit on light sleptons. These results are in qualitative 
agreement with the recent results of 0. 



IV. OTHER COLLIDER OBSERVABLES 

We now consider the prospects for probing these scenarios at 
the LHC. For this, we have computed the value for all the 
observables used for the fit as well as the masses of spar- 
ticles. One observable that is promising in the flavour sec- 
tor is B(B S — )> since it is enhanced at large values of 
tan [3 and low values of Ma. Even though this region is al- 
ready constrained from Higgs searches, the predictions for 
B(B S — )> jLi^jLT) together with the recent limit obtained from a 



combination of LHCb and CMS results PTll as well as expec- 
tations for the reach of LHCb l32l show that many scenarios 
would be either further constrained or lead to a signal in the 
very near future, see Fig. [7] However most of the configura- 
tions with the best likelihood with neutralinos below 20 GeV 
predict a rate much below the foreseen limit. These all belong 
to the scenarios with light sleptons. 
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FIG. 7: Predictions for Br(B s — » /u + /n~) as a function of the LSP mass 
in the m y o < 30 GeV search. The current Tevatron limit (full), the 
combined LHCb and CMS limit (dot) 1311 as well as the projected 
LHCb limit (dash) |32| are also displayed. The color code is the 
same as in Fig. [4] 

As mentioned above, we have not imposed the LHC con- 
straints on squarks and gluinos in the MCMC analysis. We 
have however checked a posteriori that these constraints did 
not impact the lower limit on the neutralino mass. For this 
we have used the limits set by ATLAS, rriq > 850 GeV and 
rrig > 800 GeV l33l . in a simplified model where the squarks 
of the first generations are degenerate and assumed to decay 
uniquely in jets plus missing energy. In our case the limits 
are somewhat weaker as the squarks have reduced branching 
ratios in jets plus missing energy. In any case, many of the 
scenarios with a good likelihood have first generation squarks 
and/or gluinos above the TeV scale (as indicated by the soft 
mass distributions in Fig. [TJ. In particular many scenarios 
with the best likelihoods have nig > 2 TeV, that is above the 
mass range that can be probed with the high energy, high lumi- 
nosity LHC (y/s = 14 TeV and L = lOOfb" 1 ). This is not sur- 
prising since the color sector affects only the light neutralino 
scenarios through some of the B -physics observables. 
The points that survive all collider and astrophysical limits 
nevertheless predict some light particles and can therefore be 
probed further at the LHC. These points are displayed in the 
m^t — m% plane in Fig. [8] where it is shown that sleptons with 
a mass below 120 GeV are predicted in all scenarios where 
the LSP is below 26 GeV. The slepton pair production cross 
section at the LHC-7TeV is around 20-50 fb and leads to a sig- 
nature with two leptons and missing energy. These scenarios 
can easily be studied at a future linear collider (34). Finally 
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FIG. 8: Predictions for the lightest slepton mass as a function of the 
LSP mass for points that pass all collider and astroparticle physics 
constraints in the m^o < 30 GeV search. Dark points are those within 
the la region, and light points within 3a. 

the points with a neutralino near 30 GeV that belong to sce- 
nario C (annihilation through a Z exchange) and that also sur- 
vive all constraints predict the chargino and the second neu- 
tralino to be below 200 GeV. Both particles often decay into 
a LSP and a gauge boson rather than into leptons, hence one 
cannot exploit the limits from the trilepton searches set by the 
Tevatron [35, 36]. 



V. DISCUSSION 

This analysis shows that there are two windows of configu- 
rations with light neutralinos with very different characteris- 
tics and signatures. In the first, it is the light pseudoscalar 
Higgs boson that dominates DM neutralino annihilation. A 
large fraction of these configurations have been excluded by 
the recent results from CMS on searches for associated Higgs 
production decaying into T pairs. Furthermore, their astropar- 
ticle signatures, specifically in the SI direct detection exper- 
iments and in the y-ray signal from dSphs, are largely above 
the observations published by the XENON 100 and the Fermi- 
LAT collaborations. In the second, light sleptons just above 
the LEP limit are required to provide efficient neutralino an- 
nihilations. The viable configurations feature a heavy pseu- 
doscalar mass (Ma > 500 GeV) thus the heavy Higgs doublet 
does not contribute significantly to the SI elastic scattering of 
neutralinos off nucleons. This, combined with the fact that the 



LSP is a bino, allows to escape the direct detection constraint. 
These scenarios are safe regarding indirect detection limits. 
The absolute lower bound on the light neutralino is found to 
be 12.6 GeV. 

The results presented here appear to disagree somewhat 
with [4, 6] which obtain neutralinos lighter than 10 GeV ac- 
companied with light pseudoscalars after taking into account 
collider limits. This could be explained by the fact that there 
are some differences as to the constraints taken into account 
-we used a slightly more stringent constraint on the Higgs sec- 
tor and on B(B S — » £/ + aO and R(B — » xv) as compared to l4l- 
and/or on the definition of the allowed points -combined like- 
lihood in our case and 2a bound in other works. To verify this 
we have also performed a random scan of the parameter space 
using the procedure described in [ 6 ] and found similar results. 
In any case, we claim that all these scenarios are constrained 
by dSphs and by direct detection. The absolute lower bound 
on the light neutralino that we find is in agreement with the 
one found in Ref. |3| and in [8]. In these analyses, light slep- 
tons are required to ensure sufficient annihilation of the bino 
LSP. 

In conclusion, the light neutralino scenarios that are allowed 
by collider constraints are in many case challenged by direct 
and indirect detection limits. The remaining scenarios do not 
have a large scattering cross section on nuclei and cannot ex- 
plain DAMA 1 1 ] and CoGeNT (2). An improvement of less 
than an order of magnitude on the spin independent direct de- 
tection limit would allow to rule out all MSSM neutralinos 
lighter than 30 GeV while a factor of two improvement in 
sensitivity in gamma ray searches would probe all neutrali- 
nos lighter than 20 GeV. Furthermore light neutralinos are 
necessarily accompanied by other new particles at the elec- 
troweak scale. In particular one expects sleptons with a mass 
O(l00GeV) when neutralinos are lighter than 26 GeV and/or 
charginos and other neutralinos with masses of O(200) GeV. 
an an order of magnitude on the spin independent direct detec- 
tion limit would allow to rule out all MSSM neutralinos lighter 
than 30 GeV while a factor of two improvement in sensitiv- 
ity in gamma ray searches would probe all neutralinos lighter 
than 20 GeV. We therefore expect the lower limit on the light- 
est neutralino mass to keep increasing as the LHC and direct 
and indirect dark matter searches improve their sensitivity. 
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